memory. 4 Plants are intelligent organisms and capable of functions such as learning, individuality, plasticity and memory. 5 There are a few mathematical models of plant learning and memory. 14, 15 Some plants exhibit clues of an electrical memory as well.
We found that Venus flytrap has a short term electrical memory 20, 21 Rapid closure of the carnivorous plant Dionaea muscipula Ellis (Venus flytrap) has been attracting the attention of researchers and as a result its mechanism has been widely investigated. When an insect touches the trigger hairs, these mechanosensors generate an electrical signal that acts as an action potential, which activates the trap closing. Macfarlane 23 found that two mechanical stimuli required for the trap closing should be applied within an interval from 0.75 s to 20 s. Brown and Sharp 24 found that at high temperature of 35-40°C usually only one mechanical stimulus is required.
The inducement of non-excitability after excitation and the summation of subthreshold irritations were developed in the vegetative and animal kingdoms in protoplasmic structures prior to morphological differentiation of nervous tissues. These protoplasmic structures merged into the organs of a nervous system and adjusted the interfacing of the organism with the environment. Some neuromotoric components include acetylcholine neurotransmitters, cellular messenger calmodulin, cellular motors actin and myosin, voltage-gated channels, and sensors for touch, light, gravity and temperature. [25] [26] [27] Although this nerve-like cellular equipment has not reached the same great complexity as in animal nerves, a simple neural network has been formed within the plasma membrane of a phloem or plasmodesmata enabling it to communicate efficiently over long distances. 5, 26, 27 The reason why plants have developed pathways for electrical signal transmission most probably lies in the necessity to respond rapidly to environmental stress factors. Different environmental stimuli evoke specific responses in living cells, which have the capacity to transmit a signal to the responding region. In contrast to chemical signals such as hormones, electrical signals are able to rapidly transmit information over long distances. 27 Electrical potentials have been measured at the tissue and whole plant levels. 26 Using our new charge injection method, 20 it was evident that the application of an electrical stimulus between the midrib (positive potential) and a lobe (negative potential) causes Venus flytrap to close the trap without any mechanical stimulation. The average stimulation pulse voltage sufficient for rapid closure of the Venus flytrap was 1.50 V (standard deviation is 0.01 V, n = 50) for 1 s. The inverted polarity pulse with negative voltage applied to the midrib did not close the Plants are capable of intelligent responses to complex environmental signals. Signaling and memory play fundamental roles in plant responses. The existence of different forms of plant memory is well known. Depending on the duration of memory retention, there are three types of memory in plants: sensory memory, short term memory and long term memory. A few examples of studies involving plant memory are: transgeneration memory of stress, 1, 6, 10 immunological memory of tobacco plants 22 and mountain birches, 18 storage and recall functions in seedlings, 9 chromatin remodelling in plant development, 4, 19 vernalization and epigenetic memory of winter, 12,13 induced resistance and susceptibility to herbivory, 2 memory response in ABA-entrained plants, 6 memory of stimulus, 16, 17 and systematic acquired resistance in plants exposed to a pathogen. 22 Cellular memory is an example of long term memory and is a long-term maintenance of a particular pattern of gene expression. Chromatin dynamics including histone modification, histone replacement and chromatin remodeling play key roles in cellular plant. Applying impulses in the same voltage range with different polarities for pulses of up to 100 s did not open the plant. It was found that energy for trap closure is generated by ATP hydrolysis. ATP is used by the motor cells for a fast transport of protons. The amount of ATP drops from 950 μM per midrib before mechanical stimulation to 650 μM per midrib after stimulation and closure. 28 However, it is not clear if electrical stimulation triggers closing process in the motor cells, or contributes energy to the closing action.
The action potential delivers sufficient electrical charge to the midrib, 21 which can activate the osmotic motor. To check this hypothesis, we measured effects of transmitted charge from the charged capacitors between the lobe and the midrib of Venus flytrap. Transmission of a single electrical charge (mean 13.63 μC, median 14.00 μC, std. dev. 1.51 μC, n = 41) causes trap closure and induces an electrical signal propagating between the lobes and the midrib. The electrical signal in the lobes was not an action potential, because its amplitude depended on the applied voltage from the charged capacitor. Charge induced closing of a trap plant can be repeated 2-3 times on the same Venus flytrap plant after reopening. Transmission of a single electrical charge (mean 13.63 μC, median 14.00 μC, std. dev. 1.51 μC, n = 41) causes the trap to close and induces an electrical signal that propagates between the lobe and the midrib. Figure  1 illustrates that the Venus flytrap can accumulate small charges, and when the threshold value is reached, the trap closes. A summation of stimuli is demonstrated through the repetitive application of smaller charges. If we apply two or more consecutive injections of electrical charge within a period of less than 50 s, the trap will close when a total of 14 μC charge is reached.
Repeated application of smaller charges demonstrates a summation of stimuli. If we apply two or more injections of electrical charges within a period of less then 20 s, the Venus flytrap upper leaf closes as soon as the total of 14 μC charge is transmitted. Similar phenomenon was reported by Czaja, 29 who determined the intensity of threshold stimuli to be 2.4 μC for a closing electrostimulation of another carnivorous plant Aldrovanda vesiculosa, and 0.91 μC for an opening electrostimulation. Our attempts to open the Venus flytrap upper leaf by changing polarity of injected charge and increasing the charge from 14 μC to 100 μC were not successful. Usually, the trap opens a few days after closing in the same way as after mechanically stimulated closing.
Previous work by Brown and Sharp 24 indicated that electrical shock between lower and upper leaves can cause the Venus flytrap to close, but in their article, the amplitude and polarity of applied voltage, charge and electrical current were not reported. The trap did not close when we applied the same electrostimulation between the upper and lower leaves as we applied between a midrib and a lobe, even when the injected charge was increased from 14 μC to 750 μC. It is probable that the electroshock induced by Brown and Sharp 24 had a very high voltage or electrical current.
It is common knowledge that the leaves of the Venus flytrap actively employ turgor pressure and hydrodynamic flow for fast movement and catching insects. In these processes the upper and lower surfaces of the leaf behave quite differently. During the trap closing, the loss of turgor by parenchyma lying beneath the upper epidermis, accompanied by the active expansion of the tissues of the lower layers of parenchyma near the under epidermis, closes the trap. The cells on the inner face of the trap jettison their cargo of water, shrink and allow the trap lobe to fold over. The cells of the lower epidermis expand rapidly, folding the trap lobe over. These anatomical features constitute the basis of the new hydroelastic curvature model. 20 In terms of electrophysiology, Venus flytrap responses can be considered in three stages: (i) stimulus perception, (ii) signal transmission and (iii) induction of response (Fig. 1) .
